Background. Individualized treatment for multidrug-resistant (MDR) tuberculosis and extensively drugresistant (XDR) tuberculosis depends upon reliable and valid drug susceptibility testing (DST) for pyrazinamide, ethambutol, and second-line tuberculosis drugs. However, the reliability of these tests is uncertain, due to unresolved methodological issues. We estimated the association of DST results for pyrazinamide, ethambutol, and second-line drugs with treatment outcomes in patients with MDR tuberculosis and XDR tuberculosis.
Multidrug-resistant (MDR) tuberculosis, defined as tuberculosis resistant to at least isoniazid and rifampin, and extensively drug-resistant (XDR) tuberculosis, defined as resistance to isoniazid and rifampin plus at least 1 fluoroquinolone and 1 second-line injectable drug, have become major public health concerns. The World Health Organization (WHO) estimates that 3.7% of new cases and 20% of previously tuberculosis treated cases, or >500 000 tuberculosis cases each year, are due to MDR strains [1] . Treatment of MDR tuberculosis requires the lengthy use of less effective and more toxic second-line drugs [2] . Recently, WHO recommended that MDR tuberculosis and XDR tuberculosis treatment should be individualized, that is, based on drug susceptibility testing (DST) results for first-and second-line drugs [3] . However, WHO estimates that DST is performed for <5% of all cases globally [1] . Moreover, testing methods for second-line drugs are not standardized, are considered unreliable [4] [5] [6] , and have not been validated against clinical outcomes [7] .
In view of the different available methods of DST for pyrazinamide (PZA), ethambutol (EMB), and second-line tuberculosis drugs [5] , WHO published guidance on standardized methods of DST for second-line drugs in 2008 [4] . However, there is little published evidence regarding the relationship of these DST results to treatment outcomes. Additionally, the appropriate laboratory methods that will provide the most consistent and reliable results have not been well defined [4] [5] [6] . This has led to controversy about the clinical significance of DST for second-line tuberculosis drugs [7] .
Using information from an international collaboration that assembled individual patient data of >9000 patients with MDR/ XDR tuberculosis [8] , this study assessed the relationship between treatment outcomes and results of culture-based DST for PZA, EMB, and the second-line drugs.
METHODS

MDR/XDR Tuberculosis Individual Patient Data
The collection and assembly of the individual patient dataset is described in detail elsewhere [8] . In brief, this work was conducted to address specific questions developed by an expert guideline development group convened by WHO to revise recommendations for treatment of drug-resistant tuberculosis [9] . The project was approved by the Research Ethics Board of the Montreal Chest Institute of the McGill University Health Center, Canada, and, for some of the original studies, by the local ethics boards. The study was determined to be non-human subjects research by the Office of the Associate Director for Science at the National Center for HIV/AIDS, Viral Hepatitis, STD and Tuberculosis Prevention, US Centers for Disease Control and Prevention.
Studies included in this analysis were identified from original studies published in 3 recent systematic reviews of MDR treatment outcomes [10] [11] [12] . These reviews searched Embase and Medline databases, the Cochrane Library, and the Institute for Scientific Information Web of Science, and included original studies published after 1970 that reported at least 1 treatment outcome that conformed with agreed definitions [13] for patients with bacteriologically confirmed MDR tuberculosis. All studies identified consisted of observational studies of patient groups; none were randomized trials. Most patients were treated with individualized regimens in specialized referral centers.
Methods for the individual patient data were based on criteria established by the Cochrane collaboration [14] . The additional inclusion criteria were that the study authors could be contacted; that they were willing to share their data, and that the cohort included at least 25 patients with MDR/XDR tuberculosis. Participating centers provided anonymized information including patient demographics (age and sex), clinical features (site of disease, sputum direct smear results for acid-fast bacilli, culture results for mycobacteria, chest radiography, human immunodeficiency virus (HIV) infection, use of antiretroviral therapy, initial DST results to first-and second-line drugs used, treatment factors (drugs and duration of initial and continuous phases of treatment, surgical resection), and treatment outcomes. Individual patients were excluded from the datasets if they had only extrapulmonary tuberculosis or were missing information on prescribed drug regimens or treatment outcomes. Standardized definitions for treatment outcomes of cure, completion, failure, death, and relapse were used [13] .
Information on DST Methods
Methods for performance of DST and critical concentrations used for streptomycin, PZA, EMB, and tested second-line drugs were provided by members of the individual patient data collaborative group from each participating center. The information was reviewed by experts at WHO to assess the completeness of the description of the laboratory methods. DST for second-line drugs was routinely requested for patients with MDR tuberculosis. Laboratory technicians performing the DST were not blinded to the patients' clinical status.
The following groups of drugs were analyzed: PZA, EMB, injectable drugs (streptomycin, kanamycin, amikacin, or capreomycin), fluoroquinolones (ofloxacin, levofloxacin, and other later-generation quinolones) and drugs from group 4 (ethionamide/prothionamide, cycloserine, or para-aminosalicylic acid [PAS]). Ciprofloxacin was not assessed, as this is no longer recommended for MDR tuberculosis treatment. Kanamycin and amikacin were analyzed together given the high levels of cross-resistance between these drugs. Prothionamide and ethionamide were also considered equivalent and analyzed together. Levofloxacin, moxifloxacin, gatifloxacin, and sparfloxacin were defined as later-generation quinolones and were analyzed together. Drugs from group 5 (clofazimine, amoxicillin/clavulanate, clarithromycin, azithromycin, linezolid, thioacetazone) were not analyzed because very few centers performed DST for these drugs. Patients who received >1 quinolone or injectable drug were excluded from this analysis.
Data Analysis
We defined treatment outcomes as successful if cure was achieved or treatment was completed, whereas an unsuccessful outcome was defined in 2 ways: (1) as failure or relapse, or (2) as failure or relapse or death [13] .
The primary analyses estimated odds of treatment success (vs fail/relapse or fail/relapse/death) associated with use of each drug when their Mycobacterium tuberculosis isolate was susceptible vs resistant to that drug. In secondary analysis; treatment outcomes were assessed in 2 strata: when critical concentrations used to define drug resistance were as recommended, or higher than recommended by WHO in 2008 [4] . Data from centers that used critical concentrations values below those recommended or could not provide data on critical concentrations were excluded. Analysis was also stratified by whether cultures for DST were performed on liquid or solid media.
For all adjusted analyses, we used a random-effects multivariable logistic regression (random intercept and random slope) with penalized quasi-likelihood [15] , using PROC GLIMMIX in SAS software (version 9.2, SAS Institute, Cary, North Carolina) [16] [17] [18] [19] . Patients were considered to be clustered within studies, and intercepts and slopes of the main exposure variables were allowed to vary across studies; this is to account for otherwise unmeasured interstudy differences in patient populations, as well as center-specific differences in data ascertainment, measurement, and other factors. Estimates were adjusted for 5 covariates: age, sex, HIV infection, extent of disease (a composite covariate scored by merging sputum-smear positivity and the presence of cavities on chest radiography), and previous history of tuberculosis treatment (which was a 3-category variable: no previous tuberculosis treatment, previous tuberculosis treatment with first-line drugs, and previous treatment with second-line drugs). Missing values were imputed for the 5 covariates used in multivariable analyses. For imputation, we used the mean from the other members of the same cohort to which the individual belonged if more than half the cohort members had values for that variable, or the mean value from all analyzed individuals. In sensitivity analyses, probabilistic imputation was used [20] for missing values. All statistical analyses were performed using SAS.
RESULTS
Study Selection, Participants, and DST Methods
The final individual patient dataset comprised 9290 patients from 31 centers . After excluding 123 patients with only extrapulmonary tuberculosis and 212 with no information on treatment outcome, a total of 8955 patients were included in this analysis: 8550 with MDR tuberculosis and 405 with XDR tuberculosis (Figure 1 ). Overall, the mean age was 39 years and 68% were male; 60% had had previous treatment with first-line tuberculosis drugs, and 11% with second-line drugs. Extensive disease, defined as cavities on chest radiography and/or acid-fast bacilli smear positive, was present in 72%. HIV serology was positive in 12% of patients, but only 1.3% of these patients were placed on antiretroviral therapy during tuberculosis treatment (Table 1) .
Among the 31 included studies, 27 reported results of DST to PZA and EMB, and 26 studies reported methods and results of DST to second-line drugs. Solid media were more commonly used. Methods of DST and critical concentrations for firstline (Supplementary Table 1 ) and second-line tuberculosis drugs (Supplementary Table 2 ) used in the laboratories of the participating centers are detailed in the Supplementary Data. 
Association of DST Results and Treatment Outcomes
Compared with failure/relapse, use of each of the drugs analyzed was associated with significantly higher odds of treatment success when the M. tuberculosis isolate was susceptible compared with resistant to that specific drug (Table 2) . Similar results were found when death was included as part of the unsuccessful outcomes (ie, success vs failure/relapse/death) ( Table 3) . The estimated association of resistance and drug effect did not vary importantly across studies in most cases. The estimated heterogeneity of parameter estimates was nonzero and statistically significant only for ethambutol when the unsuccessful outcome was failure/relapse/death. The estimate was nonzero and statistically significant for kanamycin and ofloxacin for failure/ relapse (data not shown in tabular form).
Assessment of Potential Confounding
Use of a certain drug despite in vitro resistance to that drug may be associated with worse outcomes simply because fewer treatment options were available-because of associated resistance to other drugs, or fewer second-line drugs available at a given center. To assess this, we performed several analyses.
First, estimates were adjusted for the same clinical characteristics as in Tables 2 and 3 , plus PZA resistance, or also PZA and/ or fluoroquinolone resistance, or also PZA, fluoroquinolone, and/or second-line injectable resistance. As seen in Tables 4  and 5 , even after these additional adjustments, odds of treatment success remained significantly greater if the isolate was sensitive to the drug in question with a few exceptions.
Next, use of each drug when the isolate was resistant or sensitive to that drug was assessed according to whether the isolate was also resistant to another second-line drug. As seen in Table 6 , the use of any of the drugs when resistant to those drugs was not associated with resistance to most of the other drugs, with a few exceptions. The most consistent finding was that when there was resistance to fluoroquinolones, then PZA, amikacin/kanamycin, ethionamide/prothionamide, and cycloserine were all more likely to have been used despite in vitro resistance to these agents. The other consistent finding was use of capreomycin, despite resistance, if the isolate was resistant to pyrazinamide, streptomycin, or amikacin/kanamycin.
The use of PZA, EMB, fluoroquinolones, or second-line injectables despite in vitro resistance to the same drugs was seen in virtually all centers. There was no discernible association with use of other second-line drugs, or patterns of resistance to other secondline drugs (Supplementary Tables 4A-E) . This suggests that limited availability of alternative drugs at the participating centers was not an explanation for the use of drugs despite in vitro resistance.
Finally, the effect of PZA, EMB, streptomycin, cycloserine, PAS, and capreomycin resistance was stratified by the critical concentrations used. If M. tuberculosis isolates were considered to be susceptible to PZA or EMB, the odds of success compared to failure/relapse were somewhat higher when the critical concentration values to distinguish susceptible from resistant were higher than recommended (Table 7) . There was no difference in outcomes for the other drugs analyzed. Results were similar when success was compared with failure/relapse/death (Supplementary Table 3 ). Additional analyses stratified by performance of DST on solid or liquid media found no substantial or consistent difference in findings (results not shown in tabular form).
DISCUSSION
In this study, the impact of in vitro resistance to various secondline drugs on individual treatment outcomes was analyzed among 8955 patients from 31 centers located in countries in all WHO health regions. For all drugs tested, use of that drug was associated with higher odds of treatment success compared with failure and relapse, or compared with failure, relapse, and death if the isolate was susceptible rather than resistant to that drug. We did not find evidence that use of a drug when the isolate was known to be resistant to that drug was because of additional resistance or lack of access to certain drugs at some centers. These findings suggest that DST results, using current methods, can be useful for selection of tuberculosis drugs in individualized treatment of patients with MDR tuberculosis. This study had a number of strengths. The most important was the size of the study population-8955 patients with MDR tuberculosis were included, making this the largest analysis of the clinical significance of DST for second-line drugs. To our knowledge, this is the first evidence of the association of DST results for second-line drugs and treatment outcomes. These analyses also represent an important extension of findings from the original 31 cohorts. No single cohort had adequate power to assess the utility of DST to individual drugs; compiling all patients into 1 large dataset provided much greater power for this analysis. In this regard, the results for group drugs 4 should be particularly useful, as there is very little evidence regarding clinical utility and validity of DST for this class of drugs [4] .
These findings should be generalizable, as the patients were treated at 31 different centers, which were located in all WHO 
Bold values indicate statistically significant results.
Abbreviations: AMK-R, amikacin or kanamycin resistance; CI, confidence interval; FQN-R, fluoroquinolone resistance; OR, odds ratio; PAS, para-aminosalicylic acid; PZA-R, pyrazinamide resistance. world regions, including some very resource-limited settings. Hence, local treatment practice, study populations, and strains of M. tuberculosis were highly variable. Treatment regimens also varied considerably at different centers, more than would be explained on the basis of different patient characteristics, including DST results. Instead, these differences may have reflected local medical opinions and beliefs. We did not find evidence that this was due to lack of availability of certain drugs, but some physicians may have considered the DST unreliable for secondline drugs or for PZA and EMB and thus not used these results to guide therapy. This quasi-experimental evidence from varying treatment approaches in many different centers, independent of patient characteristics and DST results, strengthens the value of these findings related to use or nonuse of certain drugs despite DST results. However, this study also had important limitations. All the data available were derived from observational cohort studies, and therapy was individualized in most patients. Therefore, the use of certain drugs was likely to have been influenced by clinical characteristics such as disease severity, prior treatment, resistance patterns, and concomitant use of other drugs. To account for this, we adjusted in multivariate analysis for several factors, including HIV coinfection and severity of disease. However, we did not have data on the duration of treatment with each individual drug; therefore, we could not analyze the impact of length of treatment with each drug on odds of treatment success when the tuberculosis was susceptible or resistant to that drug.
Even after adjusting for patient characteristics and extent of drug resistance, residual confounding could remain, due to unmeasured differences between patients who received different therapy. This residual confounding would best be controlled by conducting multiple randomized clinical trials comparing the use or nonuse of each individual drug with randomization Abbreviations: CI, confidence interval; DST, drug susceptibility testing; OR, odds ratio; PAS, para-aminosalicylic acid. a All studies that either did not provide or used less than recommended critical concentrations were excluded from this analysis.
b Models adjusted for age, sex, extent of disease, past history of treatment with first-and second-line drugs, and human immunodeficiency virus (HIV) coinfection. The number of missing values for each covariate which were imputed were as follows: age, 25; sex, 3; extent of disease, 175 (1.9%); past treatment with first-line drugs, 508 (5.7%); past treatment with second-line drugs, 852 (9.5%); HIV coinfection, 1292 (14.3%). c Multivariable models did not converge (too few observations and too much heterogeneity).
stratified by DST results and severity of disease. However, published evidence from randomized trials in MDR tuberculosis are very scanty-only two phase 2 trials have been published [54, 55] , and no phase 3 trials have been published at all [56] . A second important limitation was the differences between (and even within) laboratories with regard to the DST methods and critical concentrations. Not every center tested all drugs, limiting the power of our analysis. This was particularly true for the analyses of the critical concentrations for each drug, as very few laboratories used higher critical concentrations, limiting power to analyze this question. Very few centers performed DST for group 5 drugs, so the clinical utility of DST for these drugs could not be assessed at all. Additional differences in laboratory techniques such as the pH of the media or incubation time can affect DST results [4] [5] [6] , but we had no information about these methodological details.
In conclusion, DST for EMB, PZA, and many second-line tuberculosis drugs using currently available methods appears to provide useful information that should be used by clinicians in selecting drugs for MDR tuberculosis treatment. However, additional studies are needed to improve, standardize, and validate the laboratory methods and critical concentrations for these tests.
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